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ABSTRACT ‘Conhinue on reverse side if nacessary and 1dentily by Biock number)

"~ The Underwater Sound Reference Detachment of the Naval Research Laboratory has developed
a state-of-the-art, deep-submergence hydrophone for use in the Underwater Tracking Range of the
Atlantic Fleet Weapons Training Facility, St. Croix, that combines the best materials and crafts-
manship to provide an expected service life of 20 years. The sensor provides a nominal open-circuit
cryvstal sensitivity of ~180 dB re 1 V/uPa) smooth response to frequencies above 40 kiz, omni-
dircetionz’ity lu the bevizontal 1) ) plane, and a hemispherical pattern in the vertical (XZ) plane at

higher frequencies. The hydrophone has two independent preamplifier> remotely operable by a
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Abstract (Continued)

-unique switching circuit. All functions — preamplifier power, signal output, and preamplifier switch-

ing — are accomplished over a coaxial cable. Established-reliability, military specification components
are used for the eleetronics, Specific materials used for the hydrophone and the rationale for their
inclusion in the design are given.
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HIGH-RELIABILITY HYDROPHONE DESIGN
USRD TYPE H68B

INTRODUCTION

. Tactical exercises with modern naval weapons systems should be conducted under ocean con-
ditions, and the deep waters close to the island of St. Croix in the Virgin Islands are ideally suited
for such exercises. The Underwater Tracking Range (UTR) of the Navy’s Atlantic Fleet Weapons
Training Facility, located in deep water off the western shore of St. Croix, uses a short-baseline
tracking system for uccurate three-dimensional tracking of surface and subsurface cooperative tar-
gets. The Chesapeake Division of the Naval Facilities Engineering Command (CHESNAVFAC)
was tasked to expand the St. Croix UTR. A long-baseline tactical tracking range was to be estab-
lished there in water up to 1400 m deep, with hydrophone cables up to 20 km long. Hydrophones
with dedicated cables and support structures were to be installed to create the long-baseline acoustic-
tracking capability. The remoteness and inaccessibility of the hydrophones, the cost of installation
in deep water, and the demands on the tracking system dictated a need for a hydrophone design
with extremely high reliability and long service life. Subsequently, CHESNAVFAC tasked the
Underwater Sound Reference Detachment (USRD) of the Naval Research Laboratory to develop,
design, fabricate, and evaluate a prototype of such a hydrophone,

BACKGROUND

" In 1971, Groves |{1] authored a report on the design of deep-submergence hydrophones. The
goals and achievements in the development of a long-life, deep-submergence, wide-frequency-range
hydrophone based on tried and proved designs and materials are summarized therein, It describes
the USRD type H54 hydrophone, which incorporates many features that have proved successful
in USRD-designed standard reference hydrophones and represents significant criteria for all deep-
submergence designs.

In 1974, the Naval Torpedo Station (NTS), Keyport, Washington, asked the USRD to design
a hydrophone for bottom mounting in the acoustic range at NTS. That hydrophone was to use the
basic H54 housing and double boot but have a new sensor element to provide higher sensitivity,
- specifically desired directivity, and a preamplifier design capable of driving 8 km of coaxial cable
- with hydrophone power and output signal on the same cable. The hydrophone, USRD Type H68,
was delivered to N'T'S in September 1974,

Evaluation by NTS led to the conclusion that the H68 met or exceeded design goals, Therefore,
it was recommended for use in monitoring sound on the bottom of Dabob and Nanoose Ranges,
and it was also recommenrled for use on the St. Croix range,

During 1'Y75 and FY 76, a total of eight HHG8 hydrophones were constructed by the USRD
for NTS..Six were sent to St, Croix, where they were mounted on short-baseline tracking arrays
and installed at the UTR by CHHESNAVFAC. From use of these hydrophones, it was determined
that a similar or modified version would supply the requirements for a long-baseline, acoustic-
tracking capability.

Manuseript submitted April 14, 19K1,
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SPECIFICATIONS

CHESNAVFAC advised the USRD of its desire to proceed with fabrication and testing of a
prototype hydrophone ecither by modification of USRD Type 1168 or by development of a new-
design hydrophone to meet the following requirements:

@ [ligh reliability for an expected service life of 20 years.
o Mililary-Slwecificiltidnv electronics.,

® Redundant preamplifiers, independently powered by either a reverse power-supply polarity
or reversible “latching relay’ selection.

® All hydrophone functions to be performed over a dedicated coaxial cable 4 to 20 km long,
terminated in its characteristic impedance.

® Capability of at least 1 V rms at the preamplifier output for maximum signal input.

® Full diode protection of the preamplifiers to prevent damage from voltage transients and
acoustic overloads.

e Bandwidth from 4 to 45 kHz.

® Preamplifier gain to provide a nominal sensitivity at the preamplifier output of -140 dB
re 1 V/uPa at 13 kHz when used with the H68 sensor element or a sensor of equal sensitivity.

® Depth capability of 1800 m (18 MPa).

® Hydrophone housing (all parts exposed to seawater) to be made from carbon steel, cadmium
|)].at(!d and a flange to be provided for mounting the hydrophone to a sea-base structure.

® Housing to accept a Morrison-seal cable-gland assembly.

HYDROPHONE GENERAL DESCRIPTION

To meet CHESNAVFAC’s specified needs, the USRD developed a prototype state-of-the-art,
deep-submergency hydrophone that combines the best materials and craftsmanship to provide an
expected service life of 20 years. Details of the hydrophone, USRD type H68B, are shown.in Fig. 1.
The double butyl boots over the sensor element, with castor oil as the acoustic coupling medium,
provide low permeability to water vapor and added physical protection. If the outer boot is damaged
or deteriorates, the inner one can provide years of additional service. The sensor provides a nominal
open-circuit crysta!l sensitivity of -180 dB re 1 V/uPa; smooth response to frequencies above 40
kHz: omnidirectionality in the horizontal (XY) plane; in conjunction with the baffle and a conical
housing, an approximately hemispherical pattern in the vertical (XZ) plane at higher frequencies;
and stability with hydrostatic pressure variations to 20 MPa. The sensor is also encapsulated in an
acoustically transparent elastomer that serves as a mount, prevents fill fluid from reaching the
O-rings on the end caps, and gives added protection.

The hydrophone has two independent linear preamplifiers, remotely operable by a unique
switching circuit, All functions (preamplifer power, signal output, and preamplifier switching)
are accomplished over a single coaxial cable, The preamplifiers are sealed in the housing, separate
from the cable interface, in a nitrogen atmosphere to prevent moisture condensation with changes

in temperature, 9
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Fig. 1 — Cutaway view of USRD type H68B hydrophone

SENSITIVE-ELEMENT DFSIGN

The size of the sensor element and the material from which it is made largely determine the
sensitivity, directivity, and stability of the hydrophone with respect to time, temperature, and
hydrostatic pressure. The constraints imposed by the bandwidth and directivity requirements place
‘a limit on the volume of piezoelectric material-that can be used in the sensor. The size of the sensor
‘element has been selected to provide the optimum sensitivity, directivity, and electrical source
impedance in a highly reliable and predictable assembly, ‘

The acoustic sensor element is an area-ratio, unsymmetrical tonpiltz composed of a longitu-
dinally polarized lead-zirconate-titanate cylinder with end caps and sealed by O-rings within an
aluminum-oxide, precision-bore cylinder. For the sensor, shown in detail in Fig. 2, the sensitivity
.is simply - ' ' ' '

M, =843%8p , (1)

‘where 8§44 1s the piezoelectric voltage modulus for the TYPE I material (0.0245 Vm/N), Cis the
‘length of the ceramic cylinder (12.7 mm), and Sj; is a dimensionless quantity representing the ratio
hetween the end-surface area of the diaphragm and the end-surface area of the crystal. If a; and

.ay are the inside and outside radii of the cylinder, respectively (a; = 5.56 mm and ay = 8.53 mm),

: and'ii,, is the radius of the diaphragm (11.05 mm), then

2
p

2. ,2
a, - a

Sp = =2.92, | (2)

‘The value of M, expressed in dB from Eq. (1) is -180.8 dB re 1 V/uPa, the open-circuit sensitivity
where the sensor assembly is small compared to the acoustic wavelength. (See Appendix A, Fig. Al,
for typical broad-band response.)

There are two major advantages to the length-polarized, area-ratio sensor element. First, it
takes full advantage of the high sensitivity given by the g33 polarization vector of the ceramic by

3
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Fig. 2 — Sectional view of H68B hydrophone sensor element assembly

shielding, thus eliminating the g5, component. Atmospheric gases within the aluminum oxide
housing and the housing itself represent an extreme impedance mismatch to the acoustic wave
negating entirely the g3, component of the crystal. Second, the sensxtwnty of the crystal is effec-
tively multiplied by the area ratio between the diaphragms and the ceramic cylinder [Sp in Eq. (1)].

" The combination of these two advantages yields a high sensitivity for a small specific volume of
piezoelectric material,

A major concern for the sensor assembly is its reliability. Will it last 20 years? In practice,
the hydrophone is lowered to the ocean floor in water depths to about 1500 m (where the ambient
temperature is about 6°C) and remains there throughout its service life. Therefore, no stress or
strain is experienced by the assembly from pressure cycling or temperature excursions. The assembly
is reliable enough that, in reality, the crystal could be put between the diaphragms and placed within
the housing without any adhesives to bond them together. The hydrostatic pressure would compress
the assermbly such that a few MPa would place the diaphragms and crystal in intimate contact, and
it would function just as if the assembly were bonded. Even though the assembly could be effected
without adhesives, the bond between the diaphragms and the crystal is made using a high-strength
conducting adhesive (conductivity of 0.0032 £2/cm and tensile strength of 35.8 MPa). Contact of
the clectrode wires to the diaphragm is accomplished by tinning the electrode wire and forming a J
hook and by securing the wire under the screw with conducting epoxy. A fillet of adhesive is formed
around the screw and electrode wire to ensure a secure, positive electrical contact.

The housing for the tonpiltz crystal assembly is a precision-bore, 99%4% pure, aluminum-oxide
cylinder with an inside diameter of 22.22 mm and a nominal wall thickness of 2.0 mm. Discounting
depolarization of the crystal, the assembly can safely withstand hydrostatic pressures in excess of
110 MPa. Standard O-ring practice with diametrical clearunces between static and reciprocating seal
tolerances, using 60-durometer nitrile O-rings, provides more than adequate sealing for the 18-MPa
pressure capability.
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One may ask, “What would the sensitivity of the element be if an O-ring failed and castor oil
filled the sensor assembly?”* Calibration of an oil-filled sensor assembly in a USRD G19 calibrator
indicated a reduction of 0.3 to 0.4 dB - - not very drastic at all. The response would remain smooth
until a quarter wave avpeared between the two diaphragms, at about 30 kHz. However, most
questions about oil invasion of the sensor assembly are moot because the entire assembly is potted
in 35075 RHO-C acoustical material. The potting intimately bonds to the diaphragms and housing
{an absolute requisite for any potting compound used in contact with an underwater acoustic
sensor) and seals the assembly against fluid pressure; it further secures and protects the electrode-
wire contact and adhesive joints.

Even though the area-ratio sensor has many advantages, it does have one major limitation.
The area ratio S, which increases the acoustic sensitivity, also becomes a depth-limiting factor, as
the stress experienced by the crystal is the hydrostatic pressure multiplied by Sg. Thus, if Sy, is large
the crystal experiences a one-dimensional compressive stress far in excess of the hydrostatic pressure,
which must be considered in the design. Highly accurate data on the effects of one-dimensional
stress on piezoelectric ceramic have been reported by Meeks, Timme, and Browder [2,3]. These
references should be consulted when an area-ratio design is contemplated for use at great depths
to aid in determining the best material and the stress it can stand.

DIRECTIVITY

While the sensor is inherently omnidirectional in the horizontal plane because of symmetry,
it has a cardioid directivity pattern in the vertical plane with a maximum reduction in sensitivity
along the +z axis, but only at a single frequency. The directivity below the cardioid frequency
tends to the omnidirectional with decreasing frequency; above it, with increasing frequency, the
directivity tends to that of a piston until the length resonance of the assembly occurs.

When installed in the UTR, the H68B sits on top of a 4.6-m tower on the ocean floor with the
z axis of the phone normal to the floor. In this manner the directivity characteristic of the sensor
discriminates against bottom reflections over the frequency range of major interest.

v'ﬁugus [4]. of USRD has pérformed the electroacoustical analysis and derived equations for the
theoretical directivity of the unsymmetrical tonpiltz hydrophone sensor. That analysis is presented
here in a condensed form.

When the diaphragms of the sensor are exposed to a sound field, the inner assembly vibrates
about a nodal plane normal to the axial length of the piezoelectric tube. The physical parameters of
the sensor configuration for this condition are shown in Fig. 3. The electroacoustic equivalent
circuit, based on the assumption that the acoustic radiation and mechanical resistances are small
and that it operates at frequencies below resonance, is shown in Fig. 4. The voltage/force transduc-
tion ratio is

¢ = (59,2,)/(d43S,) , (3)

where 35’3 is the open-circuit elastic compliance in m2/N, dg 5 is the piezoelectric constant in m/V,
and S, is the lateral end-surface area cf the crystal in m2. The mechanical compliance

Cm1 = 853(2,/S,), and C,, 5 = S5 (2,/S,), in m/N. The blocked capacitance C, = €, (S,/%,) in F,
where €, = blocked permittivity in F/m,
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, i a, — diaphragm radius (22.1 mm)
R ] a; - inside radius of piezoelectric tube (5.56 mm)
f' St S -4, a, — outside radius of piezoelectric tube (8.53 mm)
| AP [ - m, — mass of magnesium diaphragm (4.05 g)
! Al I s 1
i - St pauie R N m, — mass of stainless-stecl diaphragm (22.6 g)
. o L ) i A 4 wopaL m_ — mass of piezoelectric tube (12.5 g)
(Js o ' I _ PLANE {c €. — length of piezoelectric tube (12,7 mm)
‘ . | f;"ﬂc [! Qs — overall sensor length (27 mm)
B S5 S ——_—— X ¢, — distance from nodal plane to m
b- i m E | . ¢, — distance from nodal plane to m,
z L - X '
' //i
o
i I
/ !
7 :
IYvp. 3 = "The HG68B hydrophonesensor element physical parameters
4
& ° " S G
ie R . F, is the open-circuit sensor voltage,
e m? R, and C, are the blocked electrical resistance and
capacitance, respectively,
“, ,T; o : T L~ ~Cmp @ is the voltage/foree transduction ratio
L i | R, ,and R, ,,C, (and C, , are the mechanical re-
' o . sistances and compliances of Ql and ¥,, respectively.
= My, M2 M, and M, are the dyaamic masses on either side of
' } the nodal plane.
| (_g r Fa F, and F, are force generators.
[ AU SR B G —

Fig. 4 == The HBKB hydrophone sensor electroncoustic equivalent cireuit
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Figure 5 shows the transformed electrical equivalent circuit of Fig. 4 with the assumption
that the mechanical resonances of the two mechanical branches are equal, and that

m, (m, +m_.)/3 -
= + ——
M MY g (my 4 my + 2m,)/3 @
:.md
m, (my +m,)/3 5
= + —— .
Ma2 "™M2 7 \3) (m,+m,+2m)/3 | @)

Then the open-circuit voltage éensitivity of the sensor element in the vertical (XZ) plane is

‘E_“3 i ¢C,, Sp [Dm + cos (kg cos 6)] - 2J, (kay sin 9) ’ 6)
p (Cm + ¢2Ce)(Dm +1)- ¢2w2cecmmd2 kap sin 0
1;vhere
Cm'=le+Cm2’ ‘

S, = area of the diaphragm in m2,

D,, is the dynamic mass ratio given by D, =mgqa/mg4,
k = w/c=2n/\,

¢ = sound velocity in m/s,

X = wavelength in m,

0 <0 <90° and

Jy (kap sin /) represents the first-order Bessel function of kap sin 0,

Equation (6) was used to generate the directivity patterns at several frequencies for éomparison
‘with actual patterns measured in the USRD Lake Facility, Figures 8 through 10 indicate the patterns,

/d)z /{ﬁ?

R —
' J Lcm, Lcm,

- IY; N 47 Fig, 6 — Transformed and simplified equivalent
e b M 1} b '1(1"

% " - cloctrical circult of Fig. 4

1 j 'brl _”’Fa ‘
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Fig. 10 - The XZ dircctivit% pattern of the H68B hydrophone sensor element
al 25 kHz, 0° < 0 < 180° (theoretical, dashed line; measured solid line)

with the theoretical directivity indicated by the dashed plot. Only half the pattern is shown, since
the other half is a mirror image of the part shown. There is good agreement between the measured
and calculated plots. The worst agreement occurs at the higher frequencies. This is caused by the
s1ze of the hydrophone preamplifier housing, its proximity to the sensor assembly, and imrticularly
by the large mounting flange.

The program sponsor wanted the large mounting flange indicated by the major diameter of the
hydrophone case. The flange is necessary to secure the hydrophone to the seabed mounting structure
{tower). During the early part of the hydrophone development, the flange was flat rather than
conical; however, it degraded the vertieal directivity of the hydrophone, The response measured on
the -z axis showed a series of nulls typical of standing-wave interference. In general, there are two
approaches to overcoming this type of problem: move the sensor element farther away from the
mounting flange, or move il as close as possible, Neither of these approaches was acceptable. Moving
farther away required extending the hydrophone boots and mounting frame and was deemed too
expensive because of the cost of making new hoot molds. Moving closer was tried but did not yield
the desired response.

The hydrophone case was redesigned to have a conical section in front of the flange. The
response measurced on the -z axis of the hydrophone showed that the conical flange eliminated
‘most of the reflections. Some reflections from the end of the hydrophone head were still present,
but they were very small, To ¢liminate the remaining reflection, a machinable glass hemispherical
baffle was placed close to the sensor element. The -z axis response was then smooth over the
[requency range of major interest. Therefore, considering the size and the proximity of the housing
and the glass baffle to the sensor element, the agreement between theoretical and measured direc-
tivity patterns is quite acceptable,

MATERIALS

T -Design of an electroacoustic transducer for extended use in the ocean requires careful con-
sideration of material application and compatibility with the environment. With the desired objective

10
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of high reliability and extremely long service life, it is obvious that highest quality active and passive
materials should be selected, In some instances material quality is compromised because use of
higher quality would make the cost of the hydrophone prohibitive. In other instances highly desir-
able performance characteristics may be compromised to enhance other characteristics deemed
more critical. Therefore, this section will identify specific materials used for the hydrophone and
the rationale for their inclusion in the design.

- “Active Element

Navy Type | piezoelectric ceramic [5] was chosen for the sensitive element. It has good
stability with hydrostatic pressure changes for the operational depth of the hydrophone. In a one-
dimensional stress configuration considering only pressure stability, Type 111 material would be the
best choice [2,3]. but the Type I material has a 30% higher dielectric constant and thus provides
a lower impedance for the preamplifier. A lower source impedance results in a lower self-noise for
the preamplifier [6]. The Type I material also has a slightly higher g35 than the Type 111, which
translates into about 1 dB more of sensitivity. Thus sensitivity, hydrophone self-noise, and pressure
stability were the major considerations in the material choice, with the first two deemed the most

important.

Aluminum Oxide

Aluminum-oxide, precision-bore tubing (Fig. 2, Item 3) was chosen to house the sensitive
element. The USRD has long advocated the use of aluminum oxide, Al,03, >98% pure, in sensor
assemblies — especially for tonpiltz sensors and end caps for capped cylinders. The material is
ideally suited for these applications because it is impervious to moisture and has high mechanical
strength, a high Young's modulus, a volume resistivity >1TQ2 m (>1011 Q cm), and high dielectric
strength. When purchased in small quantities, it not only tends to be expensive but usually has a
3- to 6-month procurement lead time. Many other materials could be substituted, such as anodized
aluminum or glass tubing; but none offer the mechanical and electrical advantages of Al,O3.

Elastomers

The inner and outer hydrophone boots shown in Fig. 1 are made of buty!l rubber. Of all the
elastomers commonly used in underwater acoustics, butyl rubber has the lowest water-vapor
permedbility. The water perméability of most butyl compounds is 95 to 98% less than that of
natural rubber, neoprene, polyurethane, Hypalon@, styrene rubbers, polyvinyl chloride, or Hycar®
elastomers. Buty! rubber is easy to mold and bonds readily to metal parts properly prepared with
the correct primers. The inner boot of the H68B is molded of butyl compound B252, and the outer
boot of butyl compound 70821. The major difference in the two is that the latter is an electrical
grade. The ingredients and physical characteristics of both of these elastomers are given by Capps
[7]. The major reason for the choice of butyl is its low water-vapor permeability, because water and
water vapor are responsible for most failures in underwater transducers. Butyl does not have a
poodpe mitch to water; but if the wall section of the boot is uniform and small compared to the
" acoustic wavelengtlh, it can be used successfully to frequencies beyond 100 kHz.

1
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Fill Fluid

“DB-grade castor oil remains the most universally used liquid in transducers.’” The preceding
statement is a dircet quote from NDRC Summary Technical Report, ‘“‘Design and Construction
of Crystal Transducers,”” Volume 12 (THE RED BOOK). The irony is that 34 years after publica-
‘tion the'statement is still true. Numerous potential fill fluidsthat fail to be universal in one or more
properties have been investigated over the years. The salient characteristics of castor oil are high
volume resistivity, close acoustic impedance match with seawater, compatibility with elastomers
and other components, and stability to degradation. [t is viscous and difficult to degas, but this is
no problem for experienced tecinicians with the proper vacuum system.

The hydrophone could have been made in such a manner as to allow the head assembly to be
encapsulated, thus eliminating the use of a fill fluid, but there are no general long-term immersion
data available for many encapsulants. Where data are available, many have a high rate of water-vapor
permeability, some are prone to bond failure, and others leach their plasticizers and become stiff or
brittle, Since high reliability was the objective, the proven characteristic of a dB-grade, castor oil
fluid-filled system offers much less risk than an encapsulated system. Extensive data on transducer
fill fluids are found in Ref. 7.

Cable Interface

The cable interface shown in Fig. 1 accepts a Morrison cable seal. The seal, named after its
designer and provided by the program sponsor, is a multilevel, coaxial, submarine cable seal that was
developed at the Applied Physics Laboratory, University of Washington. It has double O-rings at
the interface and is lesigned to seal a coaxial submarine cable (Appendix B) for 20 years at depths
to 2.1 km (tested to 42 MPa and recommended for applications to 21 MPa). This seal assembly has
heen in service at the St. Croix UTR for several years with excellent reliability. Detailed information
on the assembly is given in Ref. 8. Figure 11 shows the H68B mated with a Morrison seal.’

Metal Housing

All metal parts exposed to seawater are made from AISI 1018 low-carbon steel with 0.013-mm
(0.0005-in.)-thick cadmium plating, in accordance with Federal Specification QQ-P-416, Class I,
Type I1. The water at the St. Croix tracking range has an average oxygen content of 4 ml/l, a salinity

e

R-0102
Fig. 11 — The USRD type 1168B hydrophone with Morrison Seal cable gland
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ol 857, and a temperature of 5.6°C |9]. The high oxygen content indicates a high corrosion f
rate; however, the waters are alkaline and the bottom sediment contains a large amount of calcium.
‘This condition is less corrosive to steel than is normal seawater [ 10). Typical corrosion rates for
Cunplated low-carbon steel are 25 to 75 um (1 to 3 mils) per year below 1000 m, with lower rates .
for longer exposures [ 11] . Low-carbon steels suffer from uniform corrosion and from slight crevice
corrosion. The crevice corrosion can be prevented by packing all joints and O-ring grooves with
silicone Tubricant [12]. The suitability of using low-carbon steel in the St. Croix range environment
. has been proven [12] ), and it provides a low-cost material compatible with the concept of a 20-year
service life,

" ELECTRONICS

The design of an electronic system that will perform over a long time period requires consider-
able attention to reliability. The Military Standardization Handbook 2178, Reliability Prediction of
Electronic Equipment was used as a guide, The handbook is oriented toward reliability prediction
of military electronic equipment. It provides two methods of reliability prediction: one by parts
stress analysis, and the other by parts count. Tried and proven circuits with a minimum of parts,
operating under minimal electrical stress, and qualified by adherence to military specifications to
the highest levels of established reliability are used in the design. The components’ values, which will
subsequently be given for the preamplifier circuits in the following descriptions, are identified in
tabular form by value, generic description, MIL-SPEC description, and applicable military
specification.

Pr(‘ implifier Requirements and Goals

Some of the requirements for the HHE8B preamplifier, as mentioned earlier, are:

High-reliability design for a service life of 20 years.

Operation over a single coaxial cable 4 to 20 km in length.
® Nominal gain of 13 dB, with bandwidth from {1 kHz to at least 45 kHz.

e (able to be terminated in its characteristic impedance. (Cable characteristics are shown
in Appendix B.)

‘®" Maximization of dynamic range ind minimization of self-noise.

These requircments tend to be incompatible, leading to design trade-offs. The final preampli-
fier design, described here, does meet these design goals. An alternate preamplifier approach is
shown in Appendix C, and the preamplifier proof tests are described in Appendix D.

Design Approach for the Preamplifier 1 %

The preamplifier and its cable and termination are shown in simplified form in Fig. 12, To ;
meet the requirement for high reliability, the preumphf ier is redundant, consisting of identical “
channels A and B, However, only one channel is powered at any one time, Both dc power to the .
preamplifier and ac output signal from the prcnmplifier share the common coaxial cable. A latching
relay determines which preamplifier channel is energized. The hydrophone crystal Cy is connectod
to the inputs of both channels.

13
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Asshown in Fig. 12, an active termination is placed at the end of the cable. This network
provides the required terimination impedance for the cable. 1t also supplies regulated current to the
preamplifier and decouples the ac and dc signal components. A MODE switch allows the user to
swit<h from preamplificr channel A to channel B or vice versa. Should a component failure occur
in one channel, the user may switch to the other channel and continue operating.

To understand the circuit operation, assume that the latching relay and MODE switch are in
the positions shown in Fig. 12. Current from the +V . supply is regulated to a constant value of I 5,
in the termination network. This current flows through R, the cable, and R 4 to zener diode CRA
and preamplifier A. The diode CRA establishes a local supply voltage for preamplifier A. Precampli-
fier B is unenergized. Preamplifier A, therefore, amplifies the output of Cy and couples this ampli-
fier output signal to the cable through capacitor CA . The signal on the cable, labeled V,, is shown
in Fig 13. 1t has both dc and ac componenis.

The de component is blocked by capacitor C, at the termination network, while the ac com-
ponent passes through C, to the output. Resistor R . is made equal to the characteristic impedance
of the cable. Since C. has a very low ac impedance, the cable is effectively terminated by R,

The position of the latching relay is determined by the RELAY CONTROL network. This
network is unenergized as long as the cable voltage is positive, which 1s the normal situation In this

Ra
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Fig. 12 — The USRD type H68B hydrophone preamplifier simplified diagram

] Verat IgcRa

Fig. 13 = Voltage V; un H68B hydrophone cable
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case, the latehing relay remains in its previously set state. To change preamplifier channels, the user

activates the RELAY CONTROL network by momentarily moving the MODE switch to position 2.

When this switch is returned to position 1, the RELAY CONTROL network toggles the latching

relay o its alternate position. It can be seen that the MODE switch in position 2 dehvers a negative

de voltage to the RELAY CONTROL network, thus activating it. The negative voltage has no effect

on the preamplifier, however. Returning the MODE switch to position 1 removes the negative
voltage from the RELAY CONTROL network, which causes it to toggle the latching relay.

A more detailed explanation of the RELAY CONTROL network is given later. One of the
advantages of this network is that it is d¢ activated. It is not sensitive to rise or fall times of the
, cable voltage and, therefore, can be used at the end of an arbitrarily long cable. A patent has
been granted for this circuit.

Detailed Description of Preamplifier
First Stage

Refer to the detailed schematic diagram in Fig. 14 (component values given in Table 1) for this
description. The hydrophone crystal Cy is to the left in this diagram. Acoustic pressures cause Cy
to produce an electric signal ¢;. The amplitude of this signal is limited by diodes CR34, CR4A,
CR3B, and CR4B. Aslong as the signal across Cy is less than about 0.8 Vpy, the diodes are essen-
.tially nonconducting and represent a very high impedance. For signals greater than this, the diodes

“move rapidly into their conducting region, clamping the output voltage of Cy. This is, therefore,

a safety device that protects the sensitive front end of the preamplifier from undesired voltage
spikes. Such voltages could be generated, for example, by accidentally dropping the hydrophone.
“These are limited to about *1 Vpg by the diodes, a level harmless to the preamplifier. The diodes
.are actually the base-collector junctions of 2N929 transistors, low-noise devices whose characteristics
have been found to be ideally suited for this application,

~To facilitate this discussion, only preamplifier channel A will be described, Channel B is iden-
" tical. It can be scen in Fig. 14 that the signal from Cy, ¢;, is coupled through C1 into an FET
source-follower circuit consisting of @1 and R1 through R4, The load impedance that this presents
to Cyis equal to R; = R3 + (R1 * R2)/(R1 + R2) = 100.1 M, since the gate of @1 is back biased
and therefore effectively open. The signal source is essentially capacitive and is equal to

C;=(Cy- C1)/(Cy + C1) = Cy = 140 pF, since C1 > Cy. A high-pass filter is formed by C; and
R, having a cutoff frequency of 1/2nR;C; = 11 Hz. It can be seen, therefore, that the preamphﬁer
front end is flat to well below the lowest frequency of interest, 4 kHz.

The gain of the source-follower circuit is approximately unity, but its output impedance is on
the order of 1 kS2. It is, therefore, an impedance transformer, which reduces the high source im-
‘pedance of Cy to about 1 k2.

Second Stage

The output signal at the source of @1 passes directly into the second stage of the preampli-
fier, consisting of A1, A2, R5, RG, and C2. (Note that C6 is omitted and R8 is jumpered.) This is
the gain stage for the preamplifier and it is also the line driver, Component A1 is a low-noise opera-
tional amplifier and A2 is a unity-gain buffer. Component A2 is included within the negative-feed-
back loop by connecting R6 from the output of A2 to the negative input terminal of A1. The gain
of this stage is diagrammed in Fig, 15. The presence of Cg makes the cireuit gain decrease at the
lower frequencies, forming a high-pass filter. The eutoff frequency is 1/27 + R © €2, or about 4 klz,
Thus it is the stage that provides the required low-frequencey roll-off beginning at 4 kHz, The flat
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Table 1 — Component Values for H68B (Fig. 14)

Part No. Description Specification R(i:;):d

K2 JIMAWD-261. MIL-R-39016 HI-G 1
K1 J4122D-26 WL MIL-R-39016 - TELEDYNE 1
Ts2 ING6055A JANTXV, 40 V G.S.1 1
TS1 IN5635A JANTXV, 102V G.S.1 2
R11 5.1 k2 MIL-R-39008 RCRO7512JS 1
R9, R10 6.8 k§2 MIL-R-39008 RCR0O7682JS 1 EA
R8 (JUMPER)
R7 620 2 MIL-R-39009B RER10F6200R 2
R6 48.7 k§2 MIL-R-10509 RNOH5C4872F 2

R ©261 -2 MIL-R-55182 RNC55H2610FS 2
R4 19.1 k€2 MIL-R-55182 RNCS55H1912FS , 2
3 100 MQ +2% ELTEC, MODEL 104 2
R2 102 k§2 MIL-R-55182 RNC55H1023FS ‘ 2
R1 115 k€2 MIL-R-55182 RNC55H1153FS 2 E
9, C10 | 100 pF, 200 V MIL-C-39014 CKROSBX101KS 2 EA
C7.C8 ’ 6.8 uF, 75 V MIL-C-39003 CSR13H685KR i 1EA
C6 ; (OMIT) ’
C1,CH , 15uF, 75 V MIL-C-39003 CSR13H156KR 2 EA |
3, C11 i 22 uk, 35 V MIL-C-39003 CSR13F226KM 2EA |
2 i 0.15 uF, 50 V MIL-C-39014 CKRO6BX154KR 2
C1,C12 ! 0.1 uF, 100 V MIL-C-39014 CKRO6BX104KS 2
A2 Li10002H/883B MIL.-STD-883B NATIONAL SEMI 2 ' ,
Al : SE5534 A/883B MIL-SI'D-883B SIGNETICS 2
CR6-CR11 ; 1N914 JANTX MIL-S-19500 1 EA
CR3, CR4 2N929 JANTX MIL-S-19500 MOTOROLA 2EA
CR2,CR5 IN4246 JANTX MIL-S-19500 G.S.I INC. 2
CR1 IN4744A,16 V G.S.I INC. 2
Q1 2N4867A SILICONIX 2
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Fig. 15— Gain of H68B preamplifier second stage
vs frequency

midband gain is given by A= 20 log (R5 + R6)/R5 =~ 45.5 dB. This is made higher than the required
43 dB to compensate for a 2.5-dB loss at the front end. The source-foliower gain is approximately
-0.7 dB, and there is 1.8-dB coupling loss due to input capacitance loading on Cy . Thus the overall
circuit gain is 43 dB. The amplified output signal appearing at pin 4 of A2 is coupled through C4
and C5 and latching relay SIA to the coaxial cable. This cable is terminated in its charactenstlc
impedance and presents a load of approximately 56 {2 to line driver A2.

l’b wer Supply

Regulated de power for the preamplifier is essential for proper operation. Because of the wide
variation in possible cable length, 4 to 20 km, a regulated current of 31 mA dc is sent down the
cable to the preamplifier. This de current flows through S14, CR2, and R7 to zener diode CR1, A1,
A2, and Q1. This current is sufficient to supply the circuitry and cause CR1 to regulate at about
15 V de. Thus CR1 establishes a regulated 15-V dc supply voltage for the preamplifier regardless
of the cable length.

Direct-Curren( Biasing

Biasing for the preamplifier is established by source follower @1. The source of Q1 is biased at
approximately 7.5 V dc. This level is passed directly to the second preamplifier stage, whose gam at
dc is unity. Thus the output of A, is also dc biased at about 7.5 V dc.

Transient Protection

Transient voltage protection is provided by components T'S1 and TS2. Such transients could
océur hecause of lightning strikes near the cable, for example, or a faulty cable termination might
couple excessive voltages to the hydrophone, Component 7S2 provides the “first line of defense”
against such transients, 1t limits positive or negative voltages at the cable to about 45 V. The normal
de voltage at this point is positive and is equal to Ve +1ye « RT+ Voo * 15 + (31ma) (62082)
+ 0.7 = +35 V de. Component 782 alone would, therefore, limit positive transients to about
10-Vpg and negative transients to about 80 Vpg, but further protection is provided by TS1.

18




NRL REPORT 8469

Consider first a negative transient. This is coupled by C4 and C5 to TS1, which clamps in the
forward direction, protecting A2. This clamping action limits the amplitude of the transient to
about 35 Vpy . The power supply is protected by the filtering action of R7, €3, and €9-C11, the
‘clamping of CR1, and the back biasing of CR2.

In the case of a positive transient, TS1 breaks down at about +11.5 V. The normal output
level of A2 is about +7.5 V, The amplitude of a positive transient is, therefore, limited to about
‘4 Vpg. The power supply would be unaffected due to the filtering action of R7, C3, and C9-C11
plus the regulahon of CR1. Notice that TS1 allows a normal audio output from A2 of up to 4 Vpg,
or28V,.,

Relay Switching

..The RELAY CONTROL network consists of components R9, R10, C7, C8, CR5-CR10, and
-~ K2. This network controls the state of relay K1 in response to a negative dc voltage applied to the
cable by the user. When the cable voltage is positive (the normal situation), diode CR5 is back
biased and the RELAY CONTROL network is idle. Since K1 is a latching relay, it remains in its
previously programmed state until commanded to change by the control network. ,

Relay K1 contains the switch sections S14 and S1B. It is a double-pole, double-throw (DPDT)
magnetic latching relay with internal diodes, as shown in Fig. 14. Relay K2 is a single-pole, double-
throw (SPDT) nonlatching relay in which the normally-closed (NC) contacts are used. It will operate
(switch to an open condition) whenever adequate voltage is applied to its coil. In this application, relay
K2 is rated to operate at about 26 V. However, it will actually operate at approximately 13 V and can
be sustained in the open condition with only a few volts. The operation of the circuit is as follows:

(1) Assume switch sections S14 and S1B to be in position A as shown in Fig. 14. Also assume
that the preamplifier is operating normally so that CR5 is back biased. Therefore S2 is closed and
capacitors C7 and C8 are completely discharged i‘:hrough S2. 1

(2) Now assume that the operator wishes to switch K1. He removes his normal preamplifier
supply voltage and applies a negative voltage (-V) to the cable. As -V begins to rise toward its
nominal value, current begins to flow through R9 and coil B, and C7 begins to charge. The value of
R9 is chosen so that the voltage across coil B is not enough to operate K1. As -V continues to rise,
82 opens. Then there is no current flow through coil B, and C7 charges to the full value of -V.

(3) To operate K1, -V is removed. Capacitor C7 has no discharge path until S2 closes, and this
only occurs when -V is within several volts of ground. When S2 closes, C7 discharges through coil B
and S2 to ground. This operates K1, switching S14 and S1B from position A to position B, Relay
K1 is now latched in the new state.

) (4) If -V were reapplied by the operator, the situation would be reversed. Capacitor C8 would
become charged. Upon removal of -V, C8 would discharge through coil A4, swiu:hmg SlA and S1B
back to position A agam :

_ The circuit operation is very much like the toggling of a flip-flop. The great advantage of the
circuit is that it is dc operated. It does not depend upon the rise and fall times of -V, and therefore
it will work with an arbitrarily long cable. United States patent number 4257082 has been granted
for this circuit.

In order for the operator to determine the state of relay K1, components R11 and CR11 were
added. When the operator tests the dc resistance of the preamplifier from the dry end of the cable,
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the resistance he measures will depend upon the state of K1. With K1 in position /3, the shunting
reststance of #1171 and ¢ 11 assures a lower resistance reading than with K1 in position A. Note that
the pn'l.n ity of the ohmmeler leads is important in this test: the positive lead must be grounded.

Grounding

The problem of grounding and stability is always important when dealing with hydrophones
having preamplifiers and extremely long cables. For the 1168B, zener CR1 establishes the “local™
power supply for the preamplifier. The ground plane of the printed circuit board is true ground for
the preamplifier. This is connected directly to the coaxial cable shield. A metal case surrounds the
hydrophone; it makes a lossy contact Lo earth ground when immersed in seawater. Since earth
ground is not true ground to the preamplifier, a feedback mechanism is set up in which a fraction of
the preamplifier output can be returned to its input via stray capacitive coupling between the input
and the metal case. This is illustrated in Fig. 16. In this figure, shield voltage e is coupled by scawater
resistance If” ,0 1o the ungrounded hydrophone case and then through Cgpray to the preamplifier
input, causing oscillations. To prevent this, the H68B case is connected through capacitor C12 to
the preamplifier ground. The case is therefore ac grounded, preventing the feedhack described and

stabilizing the circuit.

HYDROPHONE TERMINATION

In order to test and check out the HE8B hydrophones, USRD also designed a termination
network, called the Hydrophone Test Set (HTS). Fach HTS is housed in a small aluminum box, as
pictured in Fig. 17. The HTS serves as a termination and interface to the H68B hydrophone. It K
provides regulated de current to the hydrophone and decouples the audio output from the hydro-
phone. Using the HTS, an operator can switch preamplifier sections in the hydrophone, determine
which section is operating, monitor and adjust supply current to the hydrophone, or disconnect 'md

short the hydrophone cable.

t

'

Every effort has been made to assure that the hydrophone is protected from component failures
in the TS, A fuse mounted on the HTS printed-circuit board prevents excessive current to the hydro-
phone.Transient suppressors at the cable connector protect the hydrophone and the HTS from
lightning:induced voltage spikes. Diodes at the HTS power-supply input terminals protect against

inadvertent power-supply reversal.
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[

Theory of Operation

Refer to the HTS schematic diagram, Fig. 18 (component values shown in Table 2), for the fol-
lowing discussion: The HTS is powered by 60 V dc. Normally, only the +60 V dc source is actually
in use; the 60 V dc supply is used only for switching preamplifier sections in the hydrophone (to
he described later). Diodes CR1 and CR5 protect the circuit from an incorrect hookup of these
power supplirs, Capacitors C1 and C6 provide local filtering and smoothing of the dc'power; C1 is
made large enough to prevent a sudden step of voltage from being applied to VR1.

Current Regulation

Because the H68B hydrophone cable can vary in length from 4 to 20 km, voltagé regulation at
the HTS is impractical. Instead, the hydrophone preamplifier is designed to operate on a constant
supply current.

Current from the +60 V dc supply is regulated by VR1 to a nominal value of 31-mA de.
Regulator VR1 is actually a voltage-regulator device that has been externally wired to make it a
current regulator. The device is “floating™;i.e., it has no ground connection. It is internally designed
-Lo maintain 4 nominal voltage of 1.25 V.dc between the V,, and ADJ terminals. It is this feature
that allows it to serve as u current regulator. If the de output current is /,, then I, = [1.25 V/

(11 + 12)S2] A, where RT =30 82 and R2 is 0 to 20 2, adjustable, By adjusting R2 the user sets
the regulated output current to 31 mA. Since a negligibly small current (50 uA) flows into the ADJ
terminal, essentially all of 1, flows through the HTS to the hydrophone. An ammeter may be con-
nected to the AMMETER terminals on the HTS to monitor /,,. If this is done, AMMETER switch
82 should be opened, Otherwise, S2 is left closed, The HYD. ON lamp CR4 is illuminated when
supply current is Mowing to the hydrophone,

Transicnt suppressor TS1 acts as a high-specd zener to assure that the voltage from VR1
terminal V; to terminal V,, can never exceed its 40-V maximum rating upon power turn-on. Com-
ponents TS1 and CR2 also assure that no reverse current flows into VR1 upon power turn-off.
Component CR3 prevents negative voltage transients at the ADJterminal,
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Part No.
R7
R6
R5
R4
R3
R2

R1
€6
C1, Ch
2,03
1

CRY

CR1-CR3, CRS

TS3

LTS
TS1
VR1
83

Sl
1
RY

SR8

Test Set Modes

NORMAL Mode

SHORTED Mode

NRL REPORT 8469

Table 2 — Component Values for HTS (Fig. 18)

1uF, 75V
6.8 uF, 75V
15 uk, 75V
100 pF, 100 V

B __Description Specification
100 k&2 £5%, CC, 1/4 W RCRO7
56 82 15%,CC, 2 W RCR42
1.74 k2 +1%, WW, 1 W RW-70
1.5 k§2 +5%, CC, 1/4 W RCRO7
7582 15%,CC, 1/4 W RCRO7
20 §2 CERMET Trimpot IRC Type 960-20
3082 5%, CC, 1/4 W RCRO7
CSR13
CSR13
CSR 13

LED
Diode, 100 V PRV

36 V Transient Suppressor

18 V Transient Suppressor

30.8 V Transient Suppressor

Voltage Regulator

3 Pole, 4 Position Switeh, Nonshorting,
Position 4 Momentary

Switch, SPST
Switch, DPDT
FFuse, 17204, Subminiature

20 k§2 5%, CC 1MW
620 k2 +57%, CC. 1 W . _

23

Sprague Type TVA-1375
Monsanto Type MV5021
1N4002

GSI Type 15KP36A

GSI Type 15KP48A
GSI Type 1N5646A\

National, LM317T
Grayhill Type
83173-1-4N

Alco Type TT13A-9T

C&K Type 7201
Buss Type GFA !
RCRO7
RCR 32 !
- U

Position I of MODE switch 83 is the NORMAL position, When the HTS 1s in the NORMAL
mode and the hydrophone cable is connected to the HTS, normal operation is achieved. Referring
to Fig. 18, with 83 in position 7, the hydrophone is ON. Regulated supply current from VR1
flows through fuse F1, resistor R6, and switch S3 to the hydrophone. Acoustic signals from the
hydrophone are conducted directly through €4 and C5 to the SIGNAL OUTPUT connector.
Resistor 6 provides a proper 56-§2 termination for the cable through €2 and C3 to ground.
Resistor R7, 100 k§2, serves as a bleeder resistor for C4 and C5.

Position 2 of MODE switch $3 is the CABLE SHORTED position, The hydrophone cable is
shorted to ground by switch 83, section B, Section A of S3 disconnects the current regulator from
its londd and causes C2 and €3 to discharge through R4, Section C of S3 interrupts power to VR1
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and allows C1 to discharge through R8. Switch S3 is set to position 2 whenever the nydrophone is
not in use for an extended period, such as at night. This is the best position for lightning protection.

OHMMETER Mode

Position 3 of MODE switch 83 is the OHMMETER position. In this position, an ohmmeter
connected to the HTS OHMMETER terminals will be placed directly across the hydrophone cable
via switch S3, section B. Position 3 of S3 sections A and C is identical to position 2 described earlier.

The hydrophone is unenergized in this position.

The HTS OHMMETER position allows the user to determine which preamplifier section is
presently selected, because preamplifier section B has less dc resistance than section A. With the
hydrophone at room temperature, a Fluke 8020 multimeter on the 200-k2 scale will read about
140 k2 if section A is selected. It will read approximately 50 k{2 if section B is selected. These
readings would increase at lower temperatures. (The user must observe proper polarity when con-

necting an chmmeter to the HTS.)

Resistance readings obtained in the OHMMETER position will vary from unit to unit; they are
also temperature sensitive. It is not the absolute resistance readings that are important but only the

relative values obtained.

SWITCHING Mode

. Position 4 of MODE switch $3 is momentary and is used to switch preamplifier sections in the
hydrophone. Each time S3 is switched to position 4, a toggling action occurs in the hydrophone.
For example, switching to position 4 twice could toggie the preamplifier from section A to section
B and back again to A (or vice versa). Since position 4 is momentary, $3 returns naturally to posi-
tion 3, where an ohmmeter measurement can determine which preamplifier section is selected. The

_preamplifier is not energized in this position.

Preamplifier switching is achieved by placing a negative potential on the hydrophone cable of
ahbout -24 V dc. Referring to Fig. 18, when S3 is in position 4, the hydrophone cable terminal is
connected through R6, F1, and R5 to -60 V dc. Resistor RS drops the -60 V level to the desired
value. Capacitors C2 and C3 effectively slow the application of this potential to the hydrophone
by their charging time. The exact voltage appearing at the cable connector may vary somewhat from
-24 V dc, depending upon cable length and other circuit variables.

CONCLUSION

Underwater sound transducers are notorious for their poor reliability. It is not uncommon for
25%. or more of the transducer elements of a sonar system to be nonfunctional after 1 or 2 years
due to a variety of causes. But poor reliability need not be the case: transducers, especially hydro-
phones, can be built with reliability equal to space-age equipment, High reliability can be achieved
through the use of reliability modeling [13], an in<depth knowledge of transducer design, careful
selection of materials, and good construction techniques.

A hydrophone has been developed with an expected service life of 20 years. An array of 24
of these hydrophones has been deployed for one year. Another array of 8 hydrophones, each
similar to the 1I68B but having only one preamplifier channel, has been deployed for four years.
_No failures have been reported. So, while it is still too soon to be conclusive, there is reason to be-

‘lieve that a 20-ycar-life hydrophone has been developed.
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Appendix A
CONSTRUCTION TECHNIQUES FOR H68B SENSOR ASSEMBLY

The area ratio sensor assembly with metal diaphragms and an aluminum oxide housing has
" been used by the USRD in several standard hydrophones for many years. Experience has shown the
sensor assembly to be reliable, to be easy to construct, and to have a predictable response. However,
some difficulty was experienced when the element was encapsulated. What was usually a straight-
forward and simple assembly became quite complicated and had a very unpredictable response.
" Obviously the problem was related to the potting or the potting procedures. Investigation of the prob-
 lem showed the potting procedure to be a part of the problem but not all of it.

) The response of the encapsulated sensor element was uncharacteristic at low hydrostatic pres-
sures at frequencies between 10 and 40 kHz, but at high pressure the response was normal. It was
found that the small interstices between the diaphragms and the sensor housing are nearly impossible
to fill completely. The small diametrical clearances required for the O-rings at high pressures with

. a highly viscous potting compound amplify the problem. Since the diaphragm is relatively thick on

. the H68B sensor, the depth of the interstice is also a factor making the small void even more difficult
to fill. A gas bubble trapped down in the slit near the O-ring groove is impossible to detect visually.
Since the bubbile is enclosed by rigid boundaries, it resonates at much higher frequencxes than those

-normally encountered for gas bubbles.

Since primers were used to enhance the bond between the elastomer and the sensor element,

it was suspected that the primer was sealing the diaphragm slit or going down into the slit and form-

“ing a rigid coupling. A sealed slit could certainly cause improper filling and result in the response
characteristic just described. Acoustic tests and physical examination of the sensor element also
showed that the priming could result in a locked diaphragm. A diaphragm rigidly coupled to the
housing (lockedt appears acoustically as a sharp glitch at mid-frequencies and as an oblate directivity
pattern in the horizontal plane. Since the 35075 acoustical material used to pot the element bonds
tenaciously to most materials without primers, and since the hydrostatic pressure at operational
depth would maintain bond intimacy, the primer was eliminated from the potting procedure.
Elimination of the primer resulted in a partial solution; it was still impossible to fill the slit com-
pletely more than 40 to 50% of the time.

The ultimate solution was achieved when the diaphragms were undercut as shown in Fig. 2
(main text) to allow more space. Care still must be exercised in the potting procedure for 95 to.100%
confidence of success. First one and then the other diaphragm slit must be vacuum filled prior to
potting of the entire assembly. If this is done first, then the chances for success are very high.

It should be noted that USRD transducer personnel are not novices in the area of potted trans-
ducer assemblies; some have more than 20 years of experience in potting and encapsulating. This
emphasizes that care and experience are necessary to successfully encapsulate such a sensor assembly.

Another important point in the assembly is that the diaphragms must not rub or bind in the
housing. They must be centered by O-rings during assembly of the transducer element. The inside
surface of the housing and the O-rings should be well lubricated with silicone grease, BUT this
should be done judiciously to prevent silicone contamination of any surface to be bonded.
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Figure A1 shows a typical H68B response curve along with curves for sensor assemblies with
air trapped i the diaphragmn slit and for a sensor with a locked diaphragm or a diaphragm that is
_rubbing on one side of the transducer housing.

The following is a summary of critical points for the encapsulation of an area ratio type sensor
element: ’

(1) Undercut diaphragms to enlarge the interstices between diaphragms and housing.
(2) Inspect diaphragms for sharp edges, burrs, and adherence to dimensional tolerances.

{3) Assemble and bond crystal element and diaphragms in the precision bore housing with
O-rings grooved to ensure proper centering. The O-rings should be notched to allow gases to escape

as the adhesive cures.
4‘”(4) Remove notched ‘O-rinigs from assembly and clean all parts prior to potting.

(5) Judiciously lubricate ends of housing and O-rings. Groove one O-ring on a diaphragm and
‘carefully slip assembly into housing, ungrooved diaphragm first. Continue pushing in until O-ring
seats and assembly protrudes just beyond the housing to allow grooving of the other O-ring. Groove
other O-ring and push assembly back into housing into proper position. Make sure the diaphragms
are free to move and do not bind or touch the housing.

(6) Pot each diaphragm-housing slit with diaphragm in vertical position prior to encabsulating
the assembly.
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Fig. A1 — Response curves for H68B at output of preamplifier
’ for variou_s sensor conditions



Appendix B
CABLE SPECIFICATIONS FOR H68B HYDROPHONE

The following specification is from the Simplex Wire and Cable Co., Hydrospace Systems
Division, for the 0.057-in./0.180-in. (1.45-mm/4.57-mm) Caged Armor Coaxial Cable used on the
H68B hydrophone. The cable is intended for use as a communcation circuit for underseas opera-
tions. It is made up of the following components:

Central Conductor: One 1.45-mm (0.057-in.)-diameter, solid, soft-copper conductor of high
quality and purity, not tinned.

Insulation: High-quality and high-purity polyethylene extruded to a diameter of 4.57 mm
(0.180 in.).

Return Circuit: Three 0.41-mm (0.016-in.)-thick X 4.98-mm(0.196-in.)-wide, uncoated, soft-
copper tapes of high quality and high purity, spirally applied. The diameter over the tape is ap-
proximately 5.3 mm (0.21 in.).

Shielding: One 0.076-mm (0.003-in.)-thick X 19.0-mm (0.75-in.)-wide, uncoated, soft-éopper
tape of high quality and high purity, applied with overlap. Diameter over the tape is approximately
5.6 mm (0.22 in.).

Belt: High-quality and high purity polyethylene extruded to a 9.65-mm (0.380-in.) diameter.

Caged Armor Wires for Decp-Sea Cable: Twelve 1.09-mm (0.043-in.)-diameter, extra-high-
strength, galvanized-steel armor wires, evenly spaced around the cable.

Outer Jacket: Black high-density polyethylene applied concurrently with the armoring opera-
tion to surround and cover the armor wires completely to a diameter of approximately 16.8 mm
(0.66 in.). Near the shore the cable transitions from a deep-sea configuration to a shore-cable
configuration.

Armor for Shore Cable: ‘Twenty-five 2.18-mm (0.086-in.)-diameter, galvanized, extra high-

strength steel wires applied over deep-sea cable. Each wire is coated with preservative tar compound.

The diameter over the armor wires is approximately 21 mm (0.83 in.).

Outer Covering: Two servings of 17/3 jute-nylon yarn with a flooding of tar preservative com-
pound Between and over each serve. The overall diameter is approximately 27.2 mm (1.07 in.).

CALCULATED CABLE DATA

Deep-Sea Type
Overall DIameter o . i e e e e e .. 16.8mm (0.66 in.)
Weight in Air . .. .. T e 362 kg/km (1,480 lb/nmi)
Weight in Seawater . .. ., e e e e e v oo 164 kg/km (550 Ib/nmi)

Minimum Breaking Strength . .. .. ......... e e e .. 1800 kg (4,0001b)
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Armored Shore Type

Overall Diameter ... ... ... .. . . . i i e 27.2mm (1.07 in.)
Weight in Alr ... e 1266 kg/km (5,170 ths/nmi)
Weightin Seawater . ... ... . i e e i 825 kg/km (3,370 Ib/nmi)
Minimum Breuking Strength . . . ... ... . ... . 1800 kg (4,000 1b)

-.{Caged Armor Only)_

loop resistance = 13.8 §2/km (4.2 £2/1000 ft)
capacitance =0.109 uF/km (0.202 uF/nmi)

The attenuation and the characteristic impedance as a function of frequency are shown in
Fig. B1.
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Appendix C
AN ALTERNATE PREAMPLIFIER APPROACH

This appendix describes briefly an alternate approach developed in the early days of the
project. Diodes, rather than a latching relay, were used to isolate the redundant preamplifier sections
and switch from one to the other. This approach had the advantage of very high reliability, since no
electromechanical component was required in the preamplifier. However, the use of diodes limited

the output amplitude of the preamplifier, and they were abandoned in favor of the relay switch
described in the body of this report.

Figure C1 shows, in greatly simplified form, the redundant preamplifier, cable, and termina-
tion circuit. Power supply voltage E_ is made either positive or negative with respect to ground.
If E_ 1s positive, the top amplifier A1 is energized while A2 is shut off. If £ is made negative, the
situation is reversed: 1215 energized while A1 is shut off. Diodes C?3 and CR 4 isolate the pre-
amplificrs from each other, since one diode is always back biased.

Figure C2 shows the circuit with positive . In this case, dc current flow is out of E, through
the cable center conductor, through CR3 and R1 to the top preamplifier. Zener diode CR1 estab-
lishes a supply vultage of +15 V dc across A1. Notice that CR4 is back biased, which makes it
appear as an open circuit, thus isolating the hottom preamplifier. The audio signal from the hydro-
phone is coupled into A1, where it is amplified. The output of A1 is coupled to the load via C3 and

C5. As long as CR3 remains forward biased, the audio signal passes right through this diode unaltered.

Figure C3 shows the circuit with negative E,. In this case, dc current flow is out of ground
through the cable shield to the bottom preamplifier, returning through the cable center conductor

l 1 ] R3
[__—T——{, Al i !-—MAr of
- © | I oL S
CY = ! RET| ! R_CABLE |
T L T LD
I 4 4 4 c5
HYDROPHONE | R | ' %M
! veo| KR | l——
! ~ l l =
a2 _—1——~| ! TERMINATION
c? ] 1 . NETWORK
RET| | TC" !
i i
L__——l—'w»—l—M—J

REDUNDANT PREAMP

Fig €1 Simphtied schematic of redundant preampiiher
with diode switeh
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Fig. C3 - Cireuit conditions for negative I'.',

to £, Zener diode CR2 establishes +15 V de across A2, Diode CR3 is back biased, isolating the,
top preamplifier. Audio is coupled through €4 and C5 to the load, *

While redundaney makes this cireuit practically fail-safo, it also exacts a penalty. From Fig. C2,
we notice that the audio signal will pass through CR3 unaltered only as long as CR3 remanins o
forward binsed, The instantandous current in CR3 must always be positive if CR3 is to remain
forward binsed, Hener, one enn get back as load current only what one delivers as supply current. i
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Thisas clarificd by Fig, C1, in which we see that the peak ac load current obtainable is equal to the
de supply current. Beyond this point, the output is elipped beeause CR3 does not allow reverse
current flow. A few numbers might be helpful. Assume that the BU-£? coaxial cable is term ' ed
ina Ho-$2 unpedance. To develop 1 V rims across this load requires a pealc output current < (.4314/50
or 28.3 ma. The de supply current must be at least this great to avoid output clipping. H:,, icr out-
put levels would reqguire higher supply currents. A similar analysis could Le made for the co.aditions
of Fig. C3. The limitation would vanish if the diodes were removed, but CR3 and CR4 are necessary
for circuit redundancy.

Figure C5 shows a practical implementation of this approach for the H68B hydrophone.
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Fig. C4 — Instantaneous current in CR3 for circuit
of Fig. C2, showing output clipping

Tgc

YCLIPPING" OF OUTPUT

/ » TIME

l L R7A
03A+_ CRIA
, @2 [ C4A C5A R
€ 8 S 4 ] S
A2A
A - 1 h—l IT*_' —ww—Es
: 't A cnzAi
TS2A 500
- ..__*__?_j }—{ |—4—> ouTPUT
TSI 4-20
k >
3= crzx R
Ta cR2BE
12 Ts2e |
£ 0in28 >4 H-41— 4 :
. 2|_
[ raps - q b €48 €58
RZBSI c28 /kcms
R68 :
R7B

Fig. C6 — Redundant preamplifier with diode switch




Appendix D
PREAMPLIFIER PROOF TESTS

The following tests and measurements were required by the program sponsor to certify the
H68B preamplifier design for acceptance. “

Environmental tests consisted of burning in the preamplifier at 125°C for 160 h, during which
time one preamplifier sectinn was continuously powered at nominal current +10%. The other pre-

amplifier section was not energized,
The following measurements were conducted both before and after the environmental tests:

(1) Determining and recording the gain of each preamplifier section as a function 6f frequency
for frequencies between 0.1 and 100 kHz for input levels of -83, -63,and -43 dBV.

(2) Determining and recording the equivalent noise input level of each preamplifier section as a
function of frequency for frequencies between 0.1 and 100 kHz. The transducer input to the pre-
amplifier was simulated by a 140-pF disc ceramic capacitor.

(3) Determining and recording the maximum output signal level at 1% total harmonic distor-

tion (output clipping) for each preamplifier section at frequencies of 10, 13, 20, and 40 kHz for

(a) nominal power supply current,
(b) nominal current +10%, and
(¢) nominal current -10%.

" For all functional tests the preamplifier load was a 50-S2 coaxial cable terminated in an HTS or
other circuit having identical termination impedance.

No degradation of the preamplifier operating characteristics resulted from the environmental
tests.

36



